For the application to optimal design and effective operation of air-conditioning system in an aircraft cabin, we propose an indicator to represent the air quality. It was derived from the result of the large-eddy simulation (LES) of turbulent flow with the immersed boundary (IB) method, which took into account the respiration of passengers. The cabin air quality is defined as an oxygen concentration of inhalation air (OCIA) per each breath. Degree of air renewal in reference volume is a dominant factor of air quality, OCIA. Intensity of time-averaged velocities by cross-sectional components closely correlates with the degree of the air replacement, and becomes the most suitable indicator of air quality. In case of decrease of the intensity, each of two different flow conditions, namely stagnation and circular flow just around a mouth, was found out at the reference volume as inactivation elements of the air renewal.
Introduction
In accordance with the recent research progress about impact of substances in air on human body (1) (2) , the regulations for cabin air (3) (4) have been continually updated.
A consideration of the priority in a particular sub-area of room may enable more efficient operation of air conditioning than a usual operation based on the standard (5) treating whole room uniformly. To shape this idea, personalized ventilation (PV) has been introduced by Fanger (6) to architectural engineering. Based on the concept of PV, he supplied fresh air directly and gently into breathing zone, and evaluated its effect. Melikov et al. (7) presented many types of air terminal device (ATD) as personal outlet for OA worker.
They evaluated performances of ATDs for temperature control and reducing contaminations in inhalation air. Gao et al. (8) simulated flow field of a whole room that includes a typical ATD and a computational thermal manikin (CTM). Zitek et al. (9) installed ATD at a back surface of anterior seat as a PV system for a passenger in aircraft, and evaluated its effectiveness both experimentally and computationally. There are some studies focused on transient conditions of air in a room to design comfortable space for an occupant. Hiyama et al. (10) calculated transient temperature field by Response Factor Method by which heat convection was treated as heat pulses in a steady flow field. In the method, the k ε − turbulent model was applied to making the steady flows in advance for the calculation of heat convection. Zhu et al. (11) studied transient respiration flow near a mouth to investigate movements of pollutant substances. Incidentally, a gasper (1) , i.e. outlet above each passenger seat and a kind of PV, has been popular as a tool of air conditioning system in vehicles since the time when an airliner service was started. We suggested that the gasper would be exploited more widely than conventional use like a temporary cooler, and would become a suitable tool for improving passenger's air quality by using oxygen and moisture enriched air (12) . For fulfillment of the suggestion, it is important to evaluate passenger's air quality precisely. In the computational studies about PV (8)(10) (11) , they use the k ε − model to calculate respiration flow or ventilation flow in the steady upward wind that simulated a thermal plume. Their results showed that the flow field was steady, or that fluctuation of flow by respiration was steadily cyclic. However, jet of supplied air and thermal plume in real field are not steady and are easily disturbed by various conditions. Exhaled air from an occupant often remains around his or her mouth. Correspondingly to inactivation of air renewal, a part of the exhaled air is inhaled again in next inhaling action. Consequently, the respiration flow is not steadily cyclic.
Recently, large-eddy simulation (LES) prevails for calculation of unsteady flow field and is applied even to complex and actual flow field. In our previous study (13) , we tried to apply LES to our cabin model. LES, instead of using the k ε − model, can essentially calculate unsteady flow field involving transient respiration flow of each passenger. Furthermore, the immersed boundary (IB) method was also used in our previous study. IB method is useful to simplify the calculation including complicated configuration of solid parts such as human bodies, seats, and cabin interiors. Our previous study showed that a deterioration of air quality occurred in some conditions. In this study, we progressed in elucidating inhalant air quality and extracting dominant factor of the air quality. Flow data averaged during the period of one inhaling or exhaling action is calculated for each passenger. Then, from a viewpoint of the design of air-conditioning, we investigate flow parameters that indicate states of the air quality. This paper shows our study about the air quality indicators focused on passenger's respiration, and usefulness of the most suitable indicator that we select in consideration for the flow field.
Computational Model and Governing Equations

Model of Cabin
As shown in Fig. 1 , a computational model is designed based on cabin of Boeing 767 aircraft, of which dimensions are shown in the reference (15) . A half of one row is selected for the computational domain and flow field is assumed to be symmetry about the centerline. The computational domain is bounded by 0
. We assumed the flow field is periodic in the z-direction corresponding to the pitch of the seat as shown in Fig. 1(b) . The average stream rate in the z-direction is given corresponding to the prescribed amount of ventilation air (14) . Air that is supplied from ventilation system into the cabin is in the part of the ceiling, and the same amount of air is extracted through the part of the floor from the cabin. Inhaling or exhaling air flow is set at each mouth position of the human body. The computational domain is divided into 121 106 40 × × uniform cubic cell of 20mm per side. Zhu, et al. (16) demonstrated that exhalation jet width was approximately 20mm by using the Particle Image Velocimetry technique and a thermal manikin. Therefore, the grid size of our model makes it possible to observe the interaction between respiration flow and other flows of whole domain essentially. Furthermore, even though using such coarse grid, kinetic energy ratio of sub-grid scale to grid scale is not more than 0.5 in the whole analytical domain (13) .
Cabin interiors (i.e. ceilings, sidewall, seats, and floor) and human bodies are represented by a particular method (17) in IB method (18) . At the cell including both solid part and fluid part (air part), the rate of solid occupation ("solid rate") is given, and the flow velocity at the cell is forced according to the solid rate. Fig.1 Computational domain in the cabin
Governing Equations
In LES, a filter separates the Grid Scale (GS) field from Sub-Grid Scale (SGS) turbulence. The governing equations for filtered flow field are the followings. The body force f consists of buoyancy (in y-direction) and driving force of main stream (in z-direction). Since the variation of fluid density due to change of composition is not more than 0.7%, we do not take into account buoyancy by oxygen concentration. Hence, the buoyancy is treated by Boussinesq approximation given by
where
is the pressure gradient.
Sub-Grid Scale Model
The kinematic viscosity in Eq. (2) is given by
where the subfix "0" indicates the molecular diffusivity part and the subfix "SGS" denotes the SGS eddy diffusivity part. SGS ν is defined as the Smagorinsky model and given by ( )
where ( ) 
To simplify S f , we selected an averaged wall-friction velocity u τ for the whole computational domain. The distance between the referring point and the nearest solid part is denoted by l . SGS eddy diffusivity, α in Eq. (19) based on previous study (20) .
Values for the molecular diffusivity part are given as in Eqs. (7) and (9) 
Calculation Schemes
The governing equations are spatially discretized based on the staggered arrangement, in which scalars (pressure, temperature, and oxygen concentration) are on the center of each cell. The second-order central finite-difference method is applied.
We adopt Simplified Maker and Cell (SMAC) method for the velocity-pressure coupling. For the prediction step, the second-order Adams-Bashforth scheme is applied. The successive over-relaxation (SOR) method is used for the Poisson equation of the pressure. The time-marching for the temperature and oxygen concentration fields are also calculated by the second-order Adams-Bashforth scheme.
The IB method of body-force type (17) was used in our simulation. In this study, 6 conditions are set as shown in Table 1 . The temperature of the supplied air is a little lower than that of cabin space, and fluctuates by 0.425cycles/min. Though the intensity of fluctuation is higher than that practically supposed, it is intended to clarify the relationship between OCIA and the indicators. Condition-A is basic condition of the supplied air. Condition-B, -D, and -F are higher velocity conditions. Condition-C and -D are lower supply air temperature conditions. Condition-E and -F are wider temperature amplitude conditions. Oxygen concentration of the supplied air is decided based on total amount of supplementary oxygen.
As a boundary condition at the mouth, periodic inflow and outflow are given considering breath of passengers. Flow velocity by respiration at mouth position is given by sinusoidal pattern with the frequency of 17 cycles per minute. Since a person is breathing in different phase from another person generally, the respiration phases at four bodies are different each other in multiple numbers of 90 degrees. Total volume of one inhaling action of one person is 400cc (21) . 
Reference Volume and Indicator of Air Quality
The air quality is evaluated by an oxygen concentration of inhalation air (OCIA), which is calculated by operation of time-averaging during a period of one inhalation.
As a reference volume, a space in front of mouth (SIFM) is defined to find a flow parameter that correlates to the air quality. Figure 3 depicts 
where i T is time of one inhalation period. Spatially averaged inside SIFM f is given
where V Ω is volume of the SIFM. Standard deviations f σ is given by
We select four indicators. As a representative of velocity vector, "intensity of time-averaged velocities" 3D V is defined by
where u, v and w are x, y and z-component of velocities. In case where stable stream in the SIFM during one inhaling period primarily affects air renewal, 3D V correlates closely with
Breathing area
Face of Human-body 
It is tested because the normal component w is thought to be less influential in comparison with other components. To represent degree of fluctuation of the velocity vector, "intensity of velocity deviations" 3D S is defined by 
is also tested in our study.
Results and Discussion
Correlation between Indicators and OCIA
Figures 4 ~ 7 show some typical correlations between four indicators ( 2 D V , 3D
V , 3D S , and 3D VS ) and OCIA. V and the OCIA is not clear, and the pattern is different from that in Fig.4 . Figure 6 shows the data pattern of No.2-body in Condition-B of which velocity of the supplied air is increased from 0.25m/s to 0.50m/s. From comparison between Fig.4 and Fig.6 , low OCIA data and normal OCIA data tend to be separated, nevertheless, different properties of correlations between the indicators and the OCIA are not recognized. Figure 7 shows the different OCIA pattern in the case of No.2-body in Condition-D of which temperature range of the supplied air is set 5-degree lower than Condition-B. The most of OCIA data do not exist in the vicinity of 0.209, where the data without deterioration concentrate as shown in Fig.5 .
Correlation coefficients of the four indicators with the OCIA are summarized in Fig.8 . In the charts, the ranges of OCIA ( OCIA ∆ ), as shown in Fig.4 for example, are also indicated. In case of small OCIA ∆ , the correlation coefficient has less meaning of a response of the indicators to the OCIA because the smaller variance makes the correlation coefficient larger. Therefore, it is important to focus on the correlation coefficients calculated by the data in the cases of large OCIA ∆ . From comparison of OCIA ∆ of all results in Fig.8 , OCIA ∆ of No.2-body is greater than 0.005 for all calculated conditions. It can be also recognized that air quality at No.2-body is liable to deteriorate. It is also suggested that air quality at No.4-body position is kept good because OCIA ∆ of No.4-body is smaller than 0.0025 for all calculated conditions. In Fig.8 , the correlation coefficient between 2 D V and the OCIA (and also between 3D V and the OCIA) becomes approximately 0.7 or higher at No.2-body except in Condition-C and Condition-D. Those in Condition-C and Condition-D are 0.5~0.6 as a little lower values than those in the other conditions, since the data pattern is unevenly distributed as shown in Fig.7 , that indicates few OCIA points within the region of 0.208 ~ 0.210 where OCIA data normally exist. Ordinarily, the correlation coefficients of 2 D V with the OCIA are a little higher than those of 3D V . The indicator 2 D V is the most suitable in this model.
Most of correlation coefficients between 3D
S and the OCIA are negative, and some of them are below the level of -0.4. However strength of the correlation coefficients is not stable. Therefore, it is difficult to use 3D S as an air quality improvement indicator. 
Observation of Flow State
To find the mechanism related to the OCIA difference, two different examples to reduce renewal of air are shown in this section.
As one typical example of flow fields with low OCIA of No.2-body, a flow field of x-y cross-section including the SIFM is shown in Fig.9 . This chart indicates the flow field of time-averaged velocity during half of the inhalation period when the lowest value of the OCIA at No.2-body in condition-A is recorded. The correlation data corresponding to Fig.9 shows the point indicated by " ⊗ " mark in Fig. 4 (as the data of No.2-body) and From comparison with other flow field (not included in this paper), cause of the stagnation and the circular flow just around mouth is mainly a shift of tributary stream of supplied airflow generated by decline of supplied air temperature. Even though existing of such a shift, large scale circular flow along side ceiling still remains. It is the reason why steady plume is generated and the air quality is kept at No.3 body or No.4 body.
Conclusions
We applied the large-eddy simulation to the unsteady flow field in the model of aircraft cabin. The immersed-boundary method efficiently dealt with the complex configuration of the flow field. Simultaneously, the fields of temperature and oxygen concentration were simulated. Thus the influence of sinusoidal breathing of passengers could be taken into account in unsteady flow field by using LES. We selected an oxygen concentration of V ] is an appropriate indicator of respiration air quality. Consequently, the indicator is useful to evaluate the effects of an air supply method such as personalized ventilation. Furthermore, the indicator related to the flow becomes a useful tool for optimization of air-conditioning flow design because the process includes computational effort for tremendous cases.
In an aircraft cabin, oxygen partial pressure decreases in cruising at high altitude since the cabin pressure approximates the atmospheric pressure at 2,438m (8,000ft) altitude for reduction of stresses at fuselage elements (22) . The decreased oxygen partial pressure is still in safety zone for an ordinary person. However, a serious health risk of some people with pulmonary disease was pointed out (1) . To solve this problem, we intend to utilize personalized ventilation. The indicator proposed in this paper will contribute toward making the personalized ventilation suitable for safety and comfort of passenger in cabin space.
